Résumé. - 
Critical mixing in monomolecular films : pressure-composition phase diagram of a two-dimensional binary mixture C. L. Hirshfeld (1) and M. Seul (2) (1) Williams College, Williamstown The discovery of domain formation during phase coexistence in monomolecular films of amphiphiles confined to an air-water interface has provided a major new stimulus to the investigation of these systems. A rich variety of domain shapes has been documented [1, 2] . Recently proposed phenomenological theories invoke a picture of competing attractive van der Waals and long-ranged, repulsive dipolar or Coulomb interactions to account for the appearance of domains of finite size [3, 4] . At the level of the available mean field treatments, amphiphilic monolayers are viewed to be equivalent to uniaxial ferromagnets [5, 6] , ferromagnetic surface layers [7] and thin ferrofluidic films [8] . Specifically, the mean field phase diagram contains a coexistence region characterized by intralayer periodic modulations of the relevant order parameter [3] .
Particularly pertinent in ascertaining the range of validity of these theoretical considerations is the study of monomolecular films in the vicinity of a critical point. The existence of critical points in several single component monolayer films at the air-water interface has been demonstrated in film balance studies [9, 10] and computer simulations [11] . In single-component monolayers lateral density and temperature must be varied to reach the critical point. As the quantitative analysis of configurations and dynamics of domain walls [12] , recorded by optical video microscopy, requires extended periods of observation of individual domains in films at the air-water interface, it is imperative to suppress monolayer flow. We have found this to be a task more readily accomplished when temperature is eliminated as an experimental variable, because even small thermal gradients generally lead to flow. These considerations suggest the introduction of composition as a new variable and thus the study of multicomponent surfactant systems.
The isotherms of monomolecular films containing two constituents have been investigated by several authors. Mixed films of cholesterol and phospholipids or fatty acids have been of particular interest, due to the constituents' biological and physiological significance [13] [14] [15] [16] [17] [18] . However, it was the application of fluorescence microscopy which recently enabled Subramaniam and McConnell [19] [21, 22] .
In what follows, we first describe, in section 2, our experimental methods and the digital filters employed to compute the bulk modulus of the mixed monolayer films. Section 3 contains the results leading to the phase-diagram which we discuss and interpret in section 4. We summarize our conclusions in section 5.
2. Materials and expérimental methods.
2.1 MATERIALS. -For the measurement of 7T-A isotherms it was crucial that the surfactants and substrate be as pure as possible ; impurities produced substantial distortions in the isotherms. In particular, it proved difficult to obtain cholesterol free of its oxidation product(s) [23] , and difficult to prevent it from oxidizing at the air-water interface [18] At the beginning of this project, the trough was thoroughly cleaned by allowing purified water to stand in it overnight, then by rinsing it with water and organic solvents, and finally by running many isotherms and repeating the cleaning operation, until a standard isotherm of the phospholipid dipalmitoyl phosphatidylcholine (DPPC) at -22 ° C was obtained [10] . The glass tube which carried temperature-controlled water through the substrate was cleaned in a mixture of sulfuric acid and hydrogen peroxide. The bottom of the moving barrier was given a new surface finish to remove any irregularities. Thereafter, the only cleaning necessary for the apparatus consisted of repeated sweeping of the substrate surface after each isotherm. The entire volume of subphase (of approximately 1.51) was exchanged weekly ; at that time the trough was cleaned with ethanol.
The aqueous subphase was composed of water of 18 Mfl cm resistivity, obtained from a water purification unit containing ion-excange, carbon and « Organex » filters (Ultra pure Cartridge Kit ; Millipore Co., Bedford, MA). The subphase pH drifted to a value of approximately 5.5 within 2 hrs. Measurements were also made on a subphase containing 100 mM 1-ascorbic acid (Fisher Scientific, reagent grade), added to minimize cholesterol oxidation at the air-water interface [23] . Here, the typical subphase pH was found to be 3.5. The addition of ascorbic acid to the subphase helped to stabilize cholesterol, especially in monolayers of Xchol &#x3E;-0.5, but had otherwise no effect on the isotherms.
After a monolayer was spread at the air-water interface, the spreading solvent was allowed to evaporate for twenty minutes under a gentle flow of argon gas. [9, 10, 14, 20] . It is this observation which motivated a more careful analysis based on the inspection of the isothermal compressibility ( K ), or its inverse, the twodimensional bulk modulus. Figure 3 contains a representative sample of the results. Several features are now readily identified. The first is a discontinuous increase in 1 / K indicating a drop of the compressibility to a finite value. The corresponding mean molecular area which we refer to as in.t in what follows (see particularly Fig. 7 below) marks the termination of liquid-vapor coexistence [13] . The significant decrease of a-onset with increasing cholesterol mole fraction, X,,h.1, is in accord with the pronounced concomitant shift, revealed in figure 2, of the entire isotherms to lower molecular areas. We will return to this point in connection with figure 7 . Fig. 3 ) and thus signals a discontinuous increase in their slope. At the corresponding point on the isotherm, the mixed monolayer becomes less compressible. Epifluorescence microscopy reveals that this « stiffening » of the surface layer coincides with the transition from a phase-separated regime, characterized by a heterogeneous distribution of fluorescent label in the monolayers, to a homogeneously fluorescent state which we identify below with a homogeneous mixture (see Fig. 8 ). Figure 4 illustrates this conclusion with a series of epifluorescence micrographs, taken during compression of a mixed monolayer of Xh.1 = 0.3 at increasing pressures. Figure 5 presents micrographs of monolayers in the two-phase region with compositions fixed below (Xchol = 0.1) and above (Xchol = 0.45) the critical value (see below). These images provide direct evidence for the coexistence of two phases, the bright areas corresponding to the phase predominantly containing DMPC. We will see below that these optical observations are entirely consistent with the analysis of the thermodynamic data.
A third feature characterizing the mixed monolayer may be extracted from the log ( 1 / K ) vs. i curves (of Fig. 3 To identify the partial molecular areas of coexisting phases in the surface monolayer we follow (in Fig. 7 figure 8 .
The existence of three distinct linear regimes in the dependence of â on Xchol indicates the existence of two phase boundaries, shown in figure 8 (« à »). The first of these separates region IV from the rest of the phase diagram. As indicated (by « à »), the second phase boundary coincides, within experimental error, with the phase boundary derived on the basis of figure 6 , which separates region II from the rest of the phase diagram.
The behavior documented in figure 7 and in the table is analogous to that observed and discussed by de Bernard in his careful early film balance study of mixed monolayers of egg phosphatidylcholine and cholesterol [13] . It may be understood simply by observing that the addition of cholesterol, itself quite incompressible as demonstrated by the shape of its isotherm in figure 2 , induces a « condensation » of DMPC which consequently assumes a molecular area close to its partial molecular area of 51 A2, while the corresponding partial molecular area of cholesterol coincides with its actual molecular area (= 38 A2), as extracted from the pertinent isotherm in figure 2 . We return to this point in section 4 Fig. 8 ) from the rest of the phase diagram shown in figure 8 . figure 3 ( 0 »), figure 6 (« V »), figure 7 (« à »), as discussed in section 3. Where indicated, they were confirmed by fluorescence microscopic observation of phase separation (« X », (this work), and « + » [19] Fig. 3) , is not shown. (Fig. 5 in [10] ), suggesting that small amounts of added cholesterol (Xchol « 0.1 ) a randomly distributed impurity, eliminate the ordered phases of DPPC [29] .
On the basis of our analysis we identify region III as a coexistence regime of two immiscible fluid phases with an upper consolute point near (Xghol = 0.27, ir' = 11.5). The data points ( 0 ») delineating this region were obtained from the breaks in the log ( 1 / K ) vs.
à curves described in connection with figure 3 and confirmed in several cases (« X ») by epifluorescence microscopy. The data points reported in the fluorescence microscopic study of Subramaniam and McConnell [19] are also indicated (« + »). The solid line, little more than a guide to the eye at this stage, follows the standard functional form with the critical values indicated above ; /3 was held fixed at a value of 1/3, generally observed for fluid-fluid coexistence (see e.g. [30] ) and favored by comparison with coexistence curves computed four 6 = 1/2, the mean field value, and for f3 = 1/8, the value indicated by a postulated 2d Ising analogy applied to monolayer films [31] . However, our data set is too small to make any meaningful detailed test ; the value of 1/3 is certainly not to be taken literally. We estimate the critical values to be accurate to within dXghol = ± 0.05 and Air' = ± 1 dyne/cm. In region 1 DMPC and cholesterol form a macroscopically homogeneous mixture whose cholesterol content varies in the range 0.1 _ Xchol S 0.35. This mixture appears 1 homogeneously fluorescent (see Fig. 4 ). Characteristic « breaks » in the plots of â as a function of Xchol in figure 7 suggest that to the left of the line Xchol S 0.1, that is, in region IV, pure DMPC coexists with a DMPC/cholesterol mixture of Xchol --0.1. Monolayers in this region of the phase diagram also appear optically homogeneous.
In region II, pure cholesterol coexists with a DMPC/cholesterol mixture. When entering this region, mixed monolayers undergo a transition to a state of low compressibility. Points marking the phase boundary were extracted from plots of the type shown in figure 3 (« D »), plots of log ( 1 / K ) vs. Xchol ( Fig. 6 ; « V ») and from those showing the dependence of à on Xchol ( Fig. 7 ; « à »). These different determinations of the location of the phase line differ by approximately 0.1 Xchol. Given the appreciable uncertainty in the data in this region, we cannot say whether it is this uncertainty which sets the width of the transition region, or whether the three procedures in fact capture differing signatures associated with the transition. In any case, it appears likely that the coexistence boundary meets the phase boundary in a triple point near (Xchol = 0.35, 'TT = 10 dynes/cm). This is the scenario favored by Albrecht et al. in their study of mixed monolayers of cholesterol and dipalmitoyl phosphatidylcholine (DPPC) at 24.9 °C [15] . Epifluorescence microscopy reveals that layers composed of 40 mole% and 45 mole% cholesterol remain inhomogeneous when compressed up to surface pressures of 30 dynes/cm, suggesting a direct path between regions III and II at those values of the cholesterol mole fraction. 4. Discussion.
In what follows, we suggest a rationale to account for the qualitative features displayed in the phase diagram and discuss the notion that DMPC in fact assumes distinct states in the two immiscible fluid phases which coexist within the miscibility gap (region III in Fig. 8) .
To set the stage, we note that the sharp rise in the isotherm of the pure cholesterol monolayer (shown in Fig. 2) An immediate consequence of this assumption becomes apparent when considering the behavior of the binary mixed monolayer along an isobaric trajectory through the (w, Xchol) diagram. As the set of isotherms in figure 2 demonstrates, the mean molecular area à at which a given value of ir is attained decreases with increasing Xchol. Figure 7 displays (Figs. 4, 5 ) and a compressibility which is essentially that of a pure DMPC monolayer (see Fig. 6 ). In contrast, the second mixture excludes most of the fluorescent lipid analog, consequently appearing dark (Figs. 4, 5 [21] ] states that the transition into the LE phase is characterized by the excitation of disordered molecular chain conformational states. X-ray measurements have been interpreted to indicate the existence in the LC-phase of fully extended aliphatic chains adopting a significant tilt angle [22] . Monte Carlo simulations based on this mechanism [11, 31] [31] .
In support of such a model for lipid/cholesterol mixtures we observe that in the phase diagram of pure phosphatidylcholine the typical values of the molecular area in the LC phase are indeed close to 50 Â2 [10] . Figure 7 and the accompanying [10, 20] . By analogy, one would attribute the sudden increase of 1 / K, described in connection with the log ( 1 / K ) vs. Xchol plots ôf figure 6 , to the appearance of the equivalent state of DMPC in the mixed monolayers. This statement implies that the phase line delineating the high cholesterol region (region II in Fig. 8) As the pertinent isotherm in figure 2 demonstrates, the ordered, LC-equivalent state is inaccessible to pure DMPC monolayers at the temperature of the present experiments, namely 23.5 ° C. This is the frequently notes « condensing » effect of cholesterol [13, 20, We believe the preceeding interpretation of fluid-fluid immiscibility in phospholipid/cholesterol mixed monolayers to be plausible. It certainly lends itself to be tested by an experimental technique which is sensitive to the state of aliphatic chain ordering [21] . However, irrespective of specific microscopic model one may wish to invoke to characterize the different states of DMPC in the two coexisting fluid phases, a complete theory of mixed monolayers would in any case have to consider the coupling between an internal degree of freedom and the macroscopic order parameter, e.g. Ycy)l -X(2)chol, in contrast to simple binary fluid-fluid coexistence, a problem completely described by a single (scalar) order parameter [30] . This generic situation is reminiscent of the nematic to smectic A transition in thermotropic liquid crystals and the equivalent phenomenon in superconductors [37] . 5 . Conclusions.
We have investigated the phase behavior of a two-dimensional mixture, a monomôlecular film confined to an air-water interface containing DMPC and cholesterol. By inspection of the dependencies of bulk modulus and partial molecular areas on cholesterol mole fraction, we have established a phase diagram whose global features include a fluid-fluid miscibility gap, terminated by an upper consolute point near (X' 01 = 0.27, 'TTc = 11. 5) at 23. 5 ° C. The location of the phase boundary was confirmed by direct observation of phase separation via epifluorescence microscopy. We propose that DMPC assumes states oi different chain ordering in the coexisting fluid phases, corresponding to those characterizing liquidcondensed and liquid-expanded phase, in the pure lipid monolayer. This hypothesis may be readily tested by experiments sensitive to chain conformational order [21] ] and perhaps by those sensitive to chain tilt [22] . We expect that the possibility of coupling of the mean-field order parameter to a second degree of freedom must be examined to obtain a correct picture of the critical mixing.
The probed phase diagram contains three further regions. These are occupied by : firstly, coexisting pure DMPC and a homogeneous, fluid DMPC/cholesterol mixture of Achoi === 0.1 ; secondly, a mixture, also fluid and homogeneous (0.1 Xchol S 0.35, 7r 2: Ir 5 but characterized by a reduced partial molecular area of DMPC ; thirdly, a highly incompressible mixture, coexisting with pure cholesterol in which DMPC assumes a partial molecular area coinciding with that marking the appearance of the LC phase in single component layers. The latter region, with similar properties has also been identified in the phase diagram of DPPC and cholesterol [10] .
The accessibility of a critical point in a two-dimensional monolayer film in a convenient range of experimental parameters has already been exploited in the study of a series of domain shape instabilities in the present system [12] . It offers promising possibilities for more detailed experiments in the critical region.
